Ladakh traditional farming system has been included on the F.A.O. list of possible "Globally Important Agricultural Heritage Systems", worthy of being preserved and conserved. The paper describes and assesses cultivation practices in a typical familymanaged farm, located in central Ladakh, analysing how natural resources are exploited, conserved and recycled. Emergy evaluation, an environmental accounting methodology, has been applied to evaluate and compare five staple crop productions: barley, wheat, pea, mustard, and fodder alfalfa. Unit Emergy Values of products (UEV, emergy per unit product, a measure of the environmental production cost) are calculated, taking into account the inputs to production such as water from glaciers, soil fertility, human and animal labour, and more. Results show that the traditional agricultural practices in Ladakh, completely supported by renewable flows, are efficient in the use of local resources. In fact, the UEVs of agroproducts are similar to those of analogous products of conventional agriculture (e.g. 5.27E+05 and 6.64E+05 semj/J for barley and wheat in Ladakh, respectively; 7.37E+05 semj/J for corn in USA), though the inputs of Ladakh agriculture are strongly limited in type and quantity. At the same time, local farmers can create, maintain and rebuild soil functions whose UEV is 1.62E+07 semj/J.
Introduction
Ladakh is a region of Indian Trans-Himalaya (Figure 1 ), geographically classified as "high cold desert" (Negi, 2002 ) (altitude ranging from 2,300 to 7,672 m a.s.l.). Politically, it is a division of the Jammu and Kashmir State of India, and is divided into two districts: Leh in the central and eastern parts (area: 45,110 km 2 ; 147,104 inhabitants), and Kargil (area:14,036 km 2 ; 143,388 inhabitants), in the northwest. Both districts are governed by their respective Ladakh Autonomous Hill Development Councils. The population is dispersed in almost all the accessible areas, with the exception of the cities of Leh and Kargil. Settlements are typically located around the banks and terraces of major rivers and streams; the nomadic pastoralist communities live on the plateau up to 4,500 m.a.s.l.. For centuries this population, living in an area that is poor in natural resources, has led a relatively self-reliant existence, based upon subsistence agriculture and livestock husbandry, but also upon trading goods with Tibet, central Asia, and the Indian plain (Rizvi 1983) . wisdom of local inhabitants to perform their livelihood operations in a most eco-friendly manner under remote, isolated and inaccessible conditions characterized by harsh climate and limited survival options". For other contributions on traditional ecological knowledge for indigenous ecosystem management, see Diemont & Martin (2009) , Alfaro-Arguello et al. (2010) , and on Ladakh agriculture, see Singh (1992) , Osmaston (1994) , Mankelow (1999) . Recently, the use of machineries, fossil energy and chemical fertilizers have become more common, under the pressure of modernization and economic growth, mostly near urban areas. These factors, together with the development of tourism (Pelliciardi, 2010) , the tertiary sector, and urbanization, are influencing the behaviour of the local population. This paper tries to acknowledge and define the relationship between ecosystem dynamics and the organization of farming practices; it also evaluates the ability of the system to convert few inputs into products in an efficient way, assuring population subsistence and preserving suitable conditions for food production to continue over time. The emergy evaluation, an environmental accounting methodology based on energy transformation in the biosphere (Odum, 1988 (Odum, , 1996 , is applied to the most important local crop cultivations: barley (Hordeum vulgare L.), wheat (Triticum aestivum L.), pea (Pisum sativum L.), mustard (Brassica rapa ssp. campestris L.), and fodder Alfalfa (Medicago sativa L.). Emergy (Odum, 1988 (Odum, , 1996 ) is a thermodynamics-based method that measures the exchange of energy between ecosystems and human systems. It enables to express any kind of energy flow (wind energy, fossil fuels, electricity, etc.) in solar equivalent, i.e. the solar energy that has been used up, directly or indirectly, to obtain that flow. Emergy evaluation has been often applied to agricultural systems; for an overview, see Brandt-Williams (2002) . More specifically, several authors have applied emergy evaluation to assess agriculture production processes in developing countries: Agostinho et al., 2008 , Cavalett et al., 2006 and Haden, 2002 , dealt with small family farms; Xi & Qin, 2009 , Lu. H. et al., 2009 , Zhang et al., 2007 , Cuadra & Björklund, 2007 , Martin et al., 2006 , Comar et al., 2004 and Lefroy & Rydberg, 2003 , dealt with different scales and management of farming systems.
Materials and Methods

The Traditional Farming System
The Ladakh traditional farming system can be viewed as an ordered series of cyclical sequential operations: manuring, ploughing, sowing, levelling, channelling, irrigating, weeding, harvesting, threshing. Farmers manure the fields using a composted mixture of human and animal excreta that is conserved in proper sinks and then distributed on the ground early spring. This practice provides plants with nutrients like nitrogen, phosphorus and potassium efficiently, and maintains soil functions and properties (Pelliciardi, 2012) . Fields are also fed with ash from dung fires and minerals and salts coming from the irrigation water (Osmaston, 1994) . Traditionally land preparation is performed with dzos (typical hybrids of yak and cow) to plough, before levelling and sowing the land by hand. Water for irrigation comes from glaciers through canals diverted into smaller arms that reach the fields. Water quantity and number of irrigation times during the growing season depend on different factors: kind of crop, soil, field topography and location, average evapotranspiration. At the beginning of the farming season, around April-May, local farmers hope for long warm sunny days (to melt ice), instead of wishing for cloudy weather like the agriculturists who live in regions watered by monsoon rain: "When glacier forms in phu [high altitude areas], ocean is formed in the lower parts; thundering cloud has no rain, the gossip girl has no wedding" (ancient folk proverb cited in Angchok & Singh 2006) . Harvesting goes from late August till the end of September. Animals are used for threshing by trampling in a circular platform near the farmer's house. The threshed crop is further treated to separate grain from straw, using air movement and wind. Finally, crops are put into sacks and stocked in the house store; straw and fodder are staked on the roof. Figure 2 is a representation of the system through the energy system language (Odum, 1996) . The system is supported by natural inputs that are consumed or withdrawn without being exhausted. Renewable resources, provided for free by the environment, are locally available according to contextual and peculiar conditions: for instance, this area is characterized by intense solar radiation and scarce precipitation. Meltwater from glaciers, exploited through an artificial channel system, plays a crucial role for irrigation (Labbal, 2007) . Glaciers are remote and out of the farmers' control: their dependence on global climatic conditions makes the farming system dependent on exogenous factors. Each product generates grain and straw. Grain is consumed as a main component of the family diet; straw is used to feed the animals, together with fodder. Animals and the population are consumers, whose subsistence is assured by this flow of agroproducts. The small storages represent both the conservation of food reserves and the collection of human and animal excreta to be used as organic fertilizer. The system is also characterized by feedbacks. Products are recycled both directly as seeds and indirectly as animal and human labour and organic manure. The latter is important to regenerate the soil functions and create the condition for cultivation. Demenge (2007) states that "the [local] biocapacity is also to a large extent the product of human activities, […] and Ladakhi farmers may create and expand biocapacity according to their needs". Furthermore, according to Dollfus & Labbal (2009), "[cultivated] field [in central Ladakh] is the domesticated land par excellence". Part of the final product is stored for food security; a portion of the product, if it is produced in excess, can be sold. Money (dashed arrows) is also used to buy rice, fruit, tea, sugar and salt. . The farmer owns six cattle, one donkey and sixteen sheep and goats, that during winter are stalled in the stable and fed with straw and fodder produced on the farm fields; this accommodation allows for the collection of composted excreta that will be used as organic fertilizer. Site-specific information has been collected during two missions to Ladakh in 2009 and 2010 (reference year), through direct measurement on the field, general observations, interviews at the Agriculture Department in Leh for general questions, and discussions with the farmer for specific questions. Inputs, calculations and references are listed in the Appendices A, B and C.
Emergy Evaluation
Energy drives all processes of nature (and human society), but it has been noted that different kinds of energy have different quality and ability to do work (Odum, 1971) . To give a measure of this difference in energy quality, the concept of emergy has been introduced to express the quantity of "energy of one type required in transformations to generate a flow or storage" (Odum, 1988) . Since solar energy is the fundamental energy for all biosphere processes, it is used as the common denominator to express all energy flows in a common unit. Emergy is therefore defined as the available solar energy used up, directly or indirectly, to make a service or a product (Odum, 1996) , it is expressed in solar emergy joules (semj -see Campbell, 2012) and measures the convergence of energy flows in space and time into a product through the network of energy transformations. The factor that enables to express all kinds of energy in terms of solar equivalent is called Unit Emergy Value (UEV -emergy per unit, expressed in semj/J, semj/g or other unit). To quantify the emergy of a system or product, all the inputs to the system or production process must be quantified and converted into semj (equivalent solar energy) by means of suitable UEVs (Odum, 1996) . Emergy evaluation thus determines the value of any resource on the basis of what is necessary for it to be produced. Approximately, the total emergy of a system (Em P ) is given by the sum of the energy (or mass) content (E i ) of the i th input to the system multiplied by the corresponding UEV i , as shown in Equation 1 (see Bastianoni et al. 2011 , for a thorough analysis of this calculation method):
In cases where the system has an output P, its UEV is given by putting into relation the emergy of the system (Em P ) and the energy content of the product (E P ).
The UEV depends on the specific production process; it embodies all the equivalent solar energy supporting, directly and indirectly, the process that generated the product. Systematic and site-specific calculations of UEVs enable accurate quantitative representations of ecosystem and human effort in providing resources, goods and services. Moreover, the UEV is also a parameter able to give information on the efficiency of processes. For two processes that give the same product, the one with the lower UEV is the most efficient.
Results
In Table 1 , the list of the inputs supporting the five agroproduction systems is presented. Input flows are quantified and expressed in J/yr or g/yr, and then converted into emergy (expressed in semj/yr) by means of suitable UEVs. To avoid double counting, only the largest emergy input among sun, rain and wind has been considered, together with earth heat and meltwater. For the same reason, manure and labour are not considered as inputs because they are feedbacks within the system. The recycling of energy and matter, thanks to manure collection and management, makes organic matter systematically restored. Note that only the fields of barley and wheat are manured, but systematic crop rotation enables the positive effects of this practice to be diffused in every field. Labour is fed by the products of the farming system, and therefore is not an independent input. According to Abel (2004) , "labour is mislabelled as a resource in the resource market [because] it is a product of ecosystems. People and animals can amplify the capture of available natural resources [...] which all life depends and economies are constructed". (Odum et al., 2000) ; values and references for UEVs are: 1 semj/J, for inputs n° 1 and 5.78E+04 semj/J for input n° 4 (Odum, 1996) ; 1.45E+05 semj/g for inputs n° 2 and 2.45E+03 semj/J for input n° 3 (Odum et al. 2000) ; 6.40E+06 semj/g for input n° 5 (Odum 2000) .
For each field, the emergy flow has been calculated as the sum of the contribution of the independent inputs to the system: we considered the same annual contextual conditions (solar radiation, wind speed and direction, rainfall, geothermal heat, together with humidity, soil and land relief), and also computed data on different areas, water for irrigation, and organic manure. Among the emergy inputs, the largest is meltwater: its value is high because of the high UEV, i.e. the large amount of solar equivalent per unit product, corresponding to the high degree of concentration of solar energy over time. Table 2 presents the output of the activity. Products (except fodder) are classified as grain and straw, which have been considered co-products (the emergy of both is the same). Therefore, their UEVs have been calculated by dividing the total emergy flow (in semj/yr) by grain and straw, respectively, expressed in energy (J/yr) and mass (g/yr) (see Table 3 ). 
Discussion
The UEVs of barley and wheat, 5.27E+05 and 6.64E+05 semj/J, respectively, are comparable to those of analogous products from conventional agricultural practices. For example, the UEV of corn (grain) produced in the USA, within a modern and mechanized farming system, is 7.37E+05 semj/J (Brandt-Williams, 2002) . In literature, the order of magnitude of the UEVs of wheat is 10 5 to 10 7 (Tilley et al. 2012) ; in Castellini et al. 2006 , the UEV of barley (4.21E+08 semj/g) and Alfalfa fodder (3.97+08 semj/g) are reported. No UEV for pea and mustard have been found for comparisons. Some of these values are slightly higher than those reported for the Ladakhi productions, due to the fact that, on one hand, only natural inputs, provided directly by the environment, are necessary to support the traditional Ladakhis farming system and, on the other hand, the fair management and recycling of energy and matter is adopted without producing residues or wastes (as in the case of western intensive agriculture). These factors limit the magnitude of emergy flow supporting the system. At the same time, according to data collected directly on the fields, the farmer had a normal production level in the 2010 season, with estimated yields of: 25.2 q/ha for barley, 24.4 q/ha for wheat, 12.5 q/ha for peas, 12.0 q/ha for mustard, and 80 q/ha for Alfalfa (personal communication) . These values can be compared with crop yields in other areas: the world average is around 30.0 q/ha for cereals (Dyson, 2001) ; in 2000 in India it was 23.4 q/ha (FAOSTAT, 2009); the average from 2001 to 2005 for wheat and barley in India was respectively 26.7 q/ha and 20.1 q/ha; in Jammu & Kashmir State, it was 16.9 q/ha and 6.4 q/ha (DAC, 2006) . However, yields depend on a number of factors that can vary from place to place, and the comparison between values of mountain and plain agriculture is still under debate. Some Indian scientists (Singh, 1992; Kaul, 1998; Jodha et al. 1999) and Government officials 1 from the plain consider the traditional local farming system backward and unproductive with very low yield potentialities 2 . On the other hand, the Leh Agriculture Department and other independent international researchers report better performances of the system (Demenge, 2007; Osmaston, 1994; Mankelow, 2003) . Therefore, this system is designed in such a way that few inputs from the environment are converted into a above average quantity of agroproducts that are essential for supporting the population. Regarding the use of fertilizers, for example, Manjula (2007) states that "in spite of the established excellence of the traditional Ladakhi crop, official policy has taken for granted that it could be improved by the use of chemical fertilisers and the introduction of high yielding varieties of crops". However, local farmer community uses agricultural chemicals with caution (Sagwal, 1991), or in a mix with manure, at least in rural areas while near the town of Leh greater use of inorganic fertilizers has been reported (Manjula, 2007) . Unfortunately, by attempting to transform agriculture into a more modern activity, the Leh District risks losing the ecosystem configuration of the traditional agroproduction system.
Resource management
The inputs to the traditional agricultural system are the natural resources provided for free by the environment. This kind of system has been able, for a very long time, to produce, select and recycle all the matter and energy necessary for the activity to be maintained continuously. In other words, it seems that local human activity has always been well integrated within the ecosystem dynamics, using resources without compromising their availability and closing cycles. Problems related to resource scarcity and unfertile soil have been tackled through careful management and social control, the latter meaning a fair distribution of environmental wealth (e.g. water and land). "Renewability" is the keyword of the Ladakhi attitude; at the same time, local nonrenewable natural capital is not systematically depleted (e.g. in the form of loss of soil functions). This is possible by virtue of a set of consolidated techniques: manure returning/recycling technology, area management through a system of manmade terraces, the use of straw and fodder to feed the animals, and negligible production and efficient disposal of wastes. The fact that few inputs are used to generate agroproducts for people's subsistence implies that the vulnerability, as a lack of resource redundancy, of this system must also be taken into consideration. In fact, beyond the elements that characterize the typical 1 "The harsh environment and apparently simple subsistence agriculture in Zanskar [Ladakh province/block] have led most visitors and government officials to assume that the local crops are rather unproductive." (Osmaston, 1994) . fragility of mountain societies (see UNDP-Agenda 21, 1992, Art. 13), the dependence on remote water sources, climatic events, but also population growth in certain areas and the transition of society towards modernization, may influence the delicate relationship between man and its environment. In brief, the system seems to be an example of compliance with the rules of sustainability, i.e. durability, respect of biophysical limits, preservation of relations among people and between the community and the environment, also expressed in terms of flows of energy and matter (see Pulselli et al. 2008) .
Key factors of local agroproduction
Meltwater flow for irrigation and organic matter and nutrients in soil are the main limiting factors of the traditional farming activity. In this dry cold desert environment, meltwater from glaciers for irrigation is a critical concern for humans; water comes from a finite though large storage, whose exhaustion does not depend on withdrawal. According to Angchok & Singh (2006) , irrigation technology was introduced in the tenth century from neighbouring regions when the first canals were constructed. Water, flowing close to the village, is shortly diverted to irrigate fields and managed according to a traditional communal system that has been defined as a "fine-tuned mechanism for distributing water equitably and efficiently" (Gutschow, 1997) . Global climate change may compromise water availability in the case of the reduction of Himalayan glaciers and changes in the snowfall patterns. For an overview of this debated question, see, for example, Armstrong (2010), Ganjoo et al. (2010) , Kamp et al. (2011) and Thayyen & Gergan (2010) . In emergy terms, meltwater for irrigation is the largest input to the system. This also depends on its UEV, equal to 6.40E+06 semj/g (Odum, 2000) , that reflects the large quantity of solar energy that has been necessary, directly and indirectly, for the formation of glaciers. Moreover, due to the dimension of the source, meltwater can be considered a renewable resource, flow limited, whose use must be optimized, but the stock is seemingly far from exhaustion. The induced soil fertility and functions (physical, biogeochemical and mechanical properties) is considered a product of this traditional farming system. In this harsh region, soil was first enriched and then maintained for centuries, by repeated additions of manure as a part of a continuous (re)cycling of all agricultural products. This practice compensates the loss of organic matter due to erosion and cultivation and the uptake of mineral nutrients by plants. Assessing the intrinsic value of soil would be of great importance for pursuing long-term sustainability; emergy evaluation can offer an alternative approach, because it "enumerates the value of soil based on the environmental work required to produce it" (Cohen et al. 2006) . A measure of the value of agricultural soil is given by dividing the total emergy flow to the five fields by the energy embodied in manure conferred in the fields minus the energy loss due to top soil erosion and cultivation (see Table 4 ). This means that the total emergy flow that cycles year after year is the source of the slow accumulation of organic matter in soil, representative of its functions, that has increased from almost zero (centuries ago) to the current value. We use energy as a proxy of the creation and the consequent accumulation of soil fertility, consistent with the logic of cumulative energy typical of emergy. This net increase has the total emergy flowing through the system attached because it is a coproduct of the entire cycle. 7.01E+08 J/yr UEV of energy in soil as a proxy of soil functions (= a/g) 1.62E+07 semj/J
The result of this calculation (1.62 x 10 7 semj/J) is a site-specific UEV of man-made agricultural fertile soil: it is the product of centuries of fair resource management aimed at concentrating and storing (indirect) solar energy into the ground. For this reason it is much higher than UEVs commonly used in the emergy assessment of agroproductions (see, for example, Brandt Williams, 2002).
Continuity and Changes in Agricultural Practices
A transition from traditional land-based economy to modernization has been occurring in Ladakh, and in particular in the Leh district. Under modernization and government development programs, farmers often adopt new technological adjustments. The contribution of machineries, fossil energy and chemical fertilizers is becoming more and more relevant, implying dependence on external resources and markets (Dame & Nüsser, 2008) . Some farmers prefer the easier application of the granular chemical fertilizers in bags than digging out, transporting and spreading organic manure; furthermore, raising animals is hard and time-consuming. However, other farmers are aware of the induced consequences on soil functions and capacity, as well as on food quality (Dame & Mankelow, 2010) . Traditional crop production is also discouraged by other emerging phenomena: the shortage of manpower due to the departure of young people to town, attracted by the new service economy; the distribution of government subsidized food-grain, carried by heavy lorries from the far-away Indian plain; changes in local diets, that are becoming more and more dependent on rice (Dame & Nüsser, 2011) . From an emergy viewpoint, these socio-economic transformations will result in a change in the structure of the system and in its inputs. This can be immediately represented in the diagram (Figure 2 ) by an increase in goods and services coming from outside the boundaries, namely machinery, chemical fertilizers, fossil fuels, and human labour, which will induce an overall rise in emergy flows. On the other hand, yields will probably increase in the short run, but decrease after few years (Mankelow, 2003) due to the progressive loss of ecosystem functions on which farming activity strongly depends, resulting in an increase in the environmental cost of agroproducts (UEVs).
Conclusions
Ladakh traditional agriculture has always been focused on the production of food to support the population, and the continuous re-production of the conditions for long-term conservation of the whole system: in brief, it has been focused on sustainability. To evaluate the relationship between local traditional agricultural practices and the environment, emergy evaluation has been applied to a traditional familymanaged farming system in the Leh District. It has enabled us to identify and quantify the resources supporting the system and the environmental cost of the entire production process. The UEVs of agroproducts (environmental costs per unit product) have been calculated. The system under study shows high efficiency in energy transformation, no dependency on the economic system or other exogenous factors, and completely relies on local resources. This paper also presents a calculation of the high value of agricultural soil (in terms of its UEV), as a result of centuries of soil fertility management through recycling, manure technology, crop rotation, and resource use optimization. The influence of external markets and the emergence of socio-economic dynamics are progressively changing production and consumption habits, even in peripheral areas, determining population movement and increasing dependence on external resources. Sustainable development programs and policies, especially in mountain areas, must consider the interdependency of the local socio-cultural values, the environmental knowledge, and the limits of natural resources. In this sense, the Ladakh traditional agroproduction model should be encouraged to maintain a sustainable relationship with the environment, promote social welfare, and, ultimately, gain economic profits. 
